Abstract Six years of simultaneous moored observations near the western and eastern boundaries of the South Atlantic are combined with satellite winds to produce a daily time series of the basin-wide meridional overturning circulation (MOC) volume transport at 34.5°S. The results demonstrate that barotropic and baroclinic signals at both boundaries cause significant transport variations, and as such must be concurrently observed. The data, spanning~20 months during 2009-2010 and~4 years during 2013-2017, reveal a highly energetic MOC record with a temporal standard deviation of 8.3 Sv, and strong variations at time scales ranging from a few days to years (peak-to-peak range = 54.6 Sv). Seasonal transport variations are found to have both semiannual (baroclinic) and annual (Ekman and barotropic) timescales. Interannual MOC variations result from both barotropic and baroclinic changes, with density profile changes at the eastern boundary having the largest impact on the year-to-year variations.
Introduction
Variability in the meridional overturning circulation (MOC) is correlated with important worldwide climate variations, including changes in precipitation patterns, air temperatures, coastal sea levels, and extreme weather events (e.g., Latif et al., 2007; Lopez et al., 2016; McCarthy, Haigh, et al., 2015; Stouffer et al., 2006; Vellinga & Wood, 2002) . Theoretical and observational studies of the mechanisms controlling the MOC in the Atlantic have suggested that the MOC is presently bistable, with on and off states, and that MOC stability is controlled by interocean exchange between the South Atlantic and Southern Oceans (e.g., Dijkstra, 2007; Drijfhout et al., 2011; Garzoli et al., 2013; Huisman et al., 2010) . While continuous, daily, observations of the MOC have been ongoing for 13+ years in the North Atlantic at 26.5°N (e.g., FrajkaWilliams et al., 2016; Kanzow et al., 2007; Smeed et al., 2018) , observations of the MOC in the South Atlantic have been limited mainly to repeated quasi-synoptic snapshot ship
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Key Points:
• The meridional overturning circulation at 34.5°S has significant variability at time scales ranging from daily to interannual • Seasonal variations of the meridional overturning circulation at 34.5°S are driven primarily by density variations at the eastern boundary • Interannual variations of the meridional overturning circulation at 34.5°S have significant baroclinic and barotropic contributions
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Meinen, C. S., Speich, S., Piola, A. R., Ansorge, I., Campos, E., Kersalé, M., et al. (2018 sections using either expendable bathythermograph (XBT) probes (e.g., Dong et al., 2009; Garzoli & Baringer, 2007) or full-depth conductivity-temperature-depth profiles (e.g., Bryden et al., 2011; Lumpkin & Speer, 2007; McCarthy et al., 2011) , and to indirect estimates combining satellite observations with irregularly spaced (in time and space) hydrographic data (e.g., Dong et al., 2015; Majumder et al., 2016) . While these studies have greatly improved our understanding of the MOC structure and dynamics (e.g., Buckley & Marshall, 2016; , the daily MOC observations at 26.5°N have illustrated the importance of continuous observations to avoid aliasing highly energetic short-period variations (e.g., Kanzow et al., 2010) .
A preliminary effort at estimating the daily variations in the MOC at 34.5°S was published by Meinen et al. (2013; hereafter MEA13) involving the first 20 months of data and, by necessity, focusing on subannual time scale variability. The western boundary study described in that paper has continued to date, focusing on western boundary current transport variations (e.g., Meinen et al., 2012 Meinen et al., , 2017 . The eastern boundary study ended in December 2010 but was restarted in September 2013 with significant enhancements and new partners (e.g., Ansorge et al., 2014; Kersalé et al., 2018) . With the restart of the eastern array, it is now possible to update the daily MOC record with an additional~4 years of continuous data (September 2013 to April 2017) following MEA13 and studying seasonal to interannual MOC variations at 34.5°S. The purpose of this article is to highlight several key results of this new analysis and to contrast the results with previously published results from 26.5°N.
Data and Methods
The standard method for estimating the MOC from moored instrumentation is to capture a continuous time series of density profiles on either side of the basin along a line of latitude and to use thermal wind to estimate the profile of meridional flow across that line relative to an assumed level of no motion (e.g., Kanzow et al., 2007; . To this geostrophic integral, the boundary flows and an estimate of the Ekman transport are added. The final component, the "barotropic contribution," has traditionally been determined as a residual based on the assumption of zero-net-flow when the meridional velocity is integrated across the basin and from surface to seafloor (e.g., . MEA13 approached this "barotropic" term differently, using measured bottom pressure on either side of the basin to directly estimate absolute geostrophic velocity fluctuations (but not the time-mean) that could be added to the relative geostrophic velocity profiles. Furthermore, rather than obtaining the density profiles on either side of the basin via "dynamic height moorings" (e.g., Rayner et al., 2011) , the MEA13 study utilized pressure-equipped inverted echo sounder (PIES) moorings at roughly the 1,350 dbar isobath to estimate full-water-column profiles of temperature, salinity, and density on either side of the basin via the Gravest Empirical Mode method (Meinen & Watts, 2000) . A previous model-based analysis demonstrated that this approach would be effective at capturing the MOC volume transport at 34.5°S (Perez et al., 2011) .
For the present study, data from PIES near the western and eastern boundaries ( Figure 1a ) are used (following the MEA13 methodology) to estimate both the geostrophic relative ("baroclinic") and geostrophic reference ("barotropic") components of the meridional transports between Sites A and Z. The Ekman component of the meridional transport between A and Z is estimated using the cross-calibrated multiplatform (CCMP) wind product version 2.0 (Atlas et al., 2011 (Atlas et al., , 1996 Hoffman et al., 2013; Wentz et al., 2015) . To account for the total (geostrophic plus Ekman) meridional transport inshore of A and Z, the time-mean flow from the output of a 35-year run of the Ocean For the Earth Simulator (OFES) numerical model (Masumoto et al., 2004; Sasaki et al., 2008) is used. This OFES product, available as 3-day snapshots, is a longer run, provided at a higher horizontal resolution (0.1°versus 0.2°), than was available for the earlier MEA13 study. The same longer OFES output is used to estimate the time-mean reference velocity flow integrated between the 1,350 dbar isobaths across the basin interior; recall that the observed bottom pressure differences give the reference velocity time variability only. The increased model resolution and run length have little impact on the time-mean reference velocity integrated between the 1,350 dbar isobaths; it also does not significantly affect the temporal standard deviations (σ) of the model flows inshore of A and Z (utilized for the error analysis only). It does, however, significantly alter the time-mean flow estimates inshore of Sites A and Z. The data from the original MEA13 study have been reanalyzed here using these new inshore mean flow estimates. Finally, the boundary, baroclinic, barotropic, and Ekman terms are combined and integrated down to the time-varying pressure interface where the zonally integrated meridional flow changes from northward to southward (interface time-mean = 1,160 dbar; σ = 175 dbar) to get the total MOC transport.
Results and Discussion
As mentioned earlier, the acoustic travel time and bottom pressure measurements made by PIES moorings can be considered measures of the baroclinic and barotropic ocean variability, respectively. Visual comparisons of both the travel time ( Figure 1b ) and the bottom pressure ( Figure 1c ) records suggest that the ocean is more energetic in the west (Site A) than it is in the east (Site Z). Spectral analysis of the travel time records confirms that this is true at all time scales from periods of a few days to two years ( Figure 1d ). This stronger travel time variability at A is likely due to the variability of the separation of the Brazil Current from the coast (e.g., Goni et al., 2011; Olson et al., 1988) . Interestingly, for the bottom pressure (Figure 1e ), the western record is clearly more energetic at most time scales, but the eastern record is more energetic at periods longer than about 200 days. Site Z is well inshore of the Agulhas Ring corridor (e.g., Garzoli & Gordon, 1996) , so the strong barotropic variations between 120 and 730 days are most likely not associated with passage of those rings, but could be associated with pulses from the Agulhas retroflection, or with eddies forming along the upwelling front coincident with the continental slope (Hall & Lutjeharms, 2011) . The stronger pressure (barotropic) variations at A at periods less than 200 days likely reflect both the influence of the Brazil Current and the Deep Western Boundary Current just offshore (e.g., Meinen et al., 2012 Meinen et al., , 2017 . At annual and semiannual periods, daily measured round-trip acoustic travel time records, calibrated to an effective pressure level of 1,000 dbar, at the western (red) and eastern (blue) sites; (c) daily measured bottom pressure records at the western (red) and eastern (blue) sites; (d) variance preserving spectra of the travel time records at the western (red) and eastern (blue) sites; (e) variance preserving spectra of the bottom pressure records at the western (red) and eastern (blue) sites. Note that the spectra for the Site Z data were computed using the continuous~4-year records available from 2013-2017. Spectra were determined via the Welch's averaged periodogram method using a 2-year window allowing 1 year of overlap; the thin lines in spectra indicate 67% confidence limits. Topography in the top panel (gray shading with 500 m intervals; every 2,000 m contour shown as black contour) is from Smith and Sandwell (1997) .
there is little energy in either the travel time (baroclinic) or bottom pressure (barotropic) record at A (Figures 1d and 1e ). By contrast, the bottom pressure record at Z has a broad, strong peak in the spectra centered at the annual period.
The MOC volume transport time series, calculated here following the methods of MEA13, has a peak-to-peak range of 54.6 Sv from a maximum northward transport of 43.4 Sv to a minimum southward transport of À11.2 Sv (Figure 2 ). The mean meridional transport over the full 2009-2017 period (keeping in mind thẽ 3-year gap during December 2010 to September 2013) is 14.7 Sv. As noted earlier, the time-mean MOC estimate following the MEA13 methods is highly dependent on the time-mean inshore flows and the time-mean reference velocity from OFES and is therefore the least reliable part of the calculation. By contrast, the MOC transport anomalies are far more robust, being wholly based on observations. As such MOC transport anomalies are the focus of this study.
Contributions to the Variability
There are strong MOC variations at time scales of a few days to a few weeks (Figure 2 ), highlighting the strength of a temporally continuous observing system. The daily MOC σ at 34.5°S, 8.3 Sv, exceeds the MOC σ at 26.5°N (σ~5 Sv; e.g., Cunningham et al., 2007; . This higher variability is partially due to the fact that the 26.5°N array estimate has an inherent 10-day low-pass filter applied to it as part of the processing (e.g., Kanzow et al., 2007) . Applying a similar 10-day low-pass filtering to the 34.5°S time series (second-order Butterworth, passed both forward and back) yields a significantly reduced σ (7.0 Sv). Following MEA13, the daily MOC estimates in this study are accurate to within a random error of 5.9 Sv. Time series (temporal anomaly relative to the record-length mean) of the basin-wide MOC volume transport across 34.5°S calculated as described in the text. The total (net) transport anomaly is shown in black. The record-length mean total MOC value that has been removed to create the anomaly is noted on the figure. Also shown are the contributions of Ekman, geostrophic reference flow, and geostrophic relative flow components; the geostrophic relative and reference flow components are further broken down into the contributions from variations in the western and eastern density or pressure contributions, respectively. For all components, the "contribution" is estimated as the difference between the total MOC (black line) and the MOC calculated while holding the term in question constant (i.e., the reference contribution is the difference between the total MOC and the MOC that was calculated holding the bottom pressure values on both sides of the basin constant).
There is little difference between the MOC σ calculated over the first 20 months (8.9 Sv; MEA13) and the value calculated over the full record, 8.3 Sv, highlighting the dominant role of the high-frequency variations. This variability is most strongly driven by the geostrophic relative velocity contribution to the MOC (Figure 2 ; σ = 6.0 Sv), with the Ekman contribution (σ = 4.7 Sv) and the geostrophic reference velocity contribution (σ = 4.6 Sv) playing roughly equivalent secondary roles. The dominance of the relative variations is also borne out by comparison of the correlation between the total MOC and the relative velocity contribution (r = 0.71), as compared with the Ekman (r = 0.51) and reference velocity (r = 0.35) contributions. Since these MOC components are uncorrelated with one another (correlations r ≤ 0.20), the results illustrate the need for observing all three terms.
Breaking down the relative and reference terms into the contributions from the western and eastern boundary density and pressure variations illustrates significant differences between the MOC as observed at 34.5°S and at 26.5°N. At 26.5°N the relative component of the MOC is dominated by density variations at the western boundary at all time scales other than seasonal (e.g., Chidichimo et al., 2010; . At 34.5°S, the relative component is roughly equally controlled by density variations on the western side (Figure 2 ; σ = 4.1 Sv) and on the eastern side (σ = 4.6 Sv). This important role of density variations at both boundaries reflects the impact of interocean exchanges between South Atlantic and Indian waters (e.g., de Ruijter et al., 1999) and/or Pacific waters (e.g., Rintoul, 1991; Sloyan & Rintoul, 2001) . The reference term is also roughly equally controlled by variations on the western and eastern sides (σ = 7.9 and 8.7 Sv, respectively). The higher variability of the pressure contributions (when holding one side constant) compared to the density contributions likely results from the energetic short period nature of barotropic signals. Much of this increased pressure variability occurs concurrently across the basin, evident from the high correlation between the daily western and eastern pressure contributions (r = 0.76). The relative (density) terms also experience correlated variations between A and Z (r = 0.63), albeit weaker.
Seasonal Variations
The earlier MEA13 study had too short of a record (20 months) to study the seasonal cycle of the MOC. With four additional years of daily data, it is now possible to evaluate the MOC seasonal cycle at 34.5°S (Figure 3a) . The resulting total MOC seasonal cycle has something of a semiannual period to it, with maxima in northward transport in early austral summer (December-January) and for an extended period centered on austral winter (May-September), and minima in austral fall (February-March) and spring (October-November). This semiannual period has not been observed by prior studies of the MOC variability at this latitude using XBT transect data (e.g., Dong et al., 2009; Garzoli et al., 2013) , Argo/hydrography climatology , or Argo-altimetry merged data (e.g., Dong et al., 2015; Majumder et al., 2016) , all of which found more of an annual period to the seasonal MOC variations, although it should be noted that the phasing of those previously derived annual cycles are not all in agreement. It is possible that the semiannual seasonal cycle determined from the PIES moorings here is due to "statistical noise" given that only~6 years of data are available. The variance of the 2013-2017 continuous MOC record high-pass filtered for short periods (< 70 days) exceeds the variance of the band-passed MOC variability centered around the semiannual (170-190 days) and annual (355-375 days) periods by more than a factor of 3 (not shown), highlighting the challenge of extracting a seasonal cycle from the "noisy" record. Note that these energetic high-frequency signals have 
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Geophysical Research Letters likely also aliased previous observational results based on temporally irregular data. Numerical modeling results in the Agulhas Current have suggested a significant semiannual period in that flow (e.g., Hermes et al., 2007) , which feeds some of the warm upper limb MOC flow, so a semiannual MOC signal at 34.5°S is not unexpected.
Assuming that the seasonal signal resolved from the 6 years of daily PIES data is robust, the difference between the mooring-based MOC seasonal cycle and previous estimates must be due to differences in one (or more) of the constituent time series. The Ekman transport seasonality (Figure 3a ) is annual and is fairly consistent in both amplitude and phase with that observed previously using other wind products (e.g., Dong et al., 2014 Dong et al., , 2015 . Of the two geostrophic components (relative and reference), the geostrophic relative velocity term clearly has a semiannual component to it and agrees in phase and amplitude with the total MOC variability. The geostrophic relative MOC seasonal cycle found here is different from what has been termed the "geostrophic" variability in previous studies in both time scale (semiannual versus annual) and phasing.
One reason for the difference between this study and previous studies may lie in how those earlier studies calculated their geostrophic term. In the cases of the XBT, Argo-climatology, and Argo-altimetry studies cited above, the geostrophic term was calculated by subtracting the Ekman flow from the "fully adjusted" MOC estimate. Fully adjusted in this context indicates that the MOC in those studies has been calculated utilizing a residual method to estimate the barotropic component of the flow. Those studies therefore include their "residual barotropic" term inextricably intertwined with their geostrophic thermal-wind-based density gradient term (herein called "relative"). As is the nature of residual calculations, the geostrophic term in those previous studies also accumulates any errors in the Ekman and boundary transports, and any errors resulting from data coverage limitations (e.g., below 850 m for the XBT data). As such, it is difficult to diagnose the reason for the disparity between annual seasonality in the prior studies versus semiannual in the relative term estimated here. Hopefully, longer records and analyses using numerical models will aid in diagnosing this apparent contradiction.
Because the present study does not use a residual method, and obtains the reference (barotropic) velocity variability directly from data (bottom pressure gradients), it is possible for the first time to directly estimate the seasonal cycle of this term from data. The seasonal cycle of the reference term (Figure 3a) is fairly annual, with three months of southward anomalies in austral winter, and it is roughly 180°out of phase with the annual seasonal cycle in the Ekman term. This near compensation between the Ekman and reference terms is exciting because the two terms result from completely independent data sets. It also illustrates why the total MOC seasonal cycle is primarily controlled by the trans-basin density gradients.
The relative and reference seasonal cycles can be broken up to evaluate the contribution of the west and east density and pressure variations (Figure 3b ). Despite the travel time spectra (Figure 1d ) suggesting that there was significantly more energy in the west at all periods, the seasonal variability of the relative MOC term is clearly controlled by semiannual density variations near the eastern boundary (Figure 3b ). The strong annual signal in the reference component seasonal cycle (Figure 3a) is clearly dominated by the pressure at the eastern boundary (Figure 3b ), although the significant mixed annual/semiannual pressure signal at the western boundary (Figure 3b ) clearly modulates and changes the phasing of the reference seasonal cycle.
Interannual Variations
Interannual signals in the MOC can be difficult to observe in the daily time series due to the large variance associated with shorter time scales-the variance of the high pass filtered MOC time series with a cutoff period of 170 days (71.6 Sv 2 ) is nearly an order of magnitude larger than the variance of the low-pass-filtered MOC time series with a cutoff period of 375 days (8.4 Sv 2 ). These interannual variations become much more apparent when looking at the calendar-year annual averages (Table 1 ). The MOC annual averages exhibit a fairly wide range, from 4.6 Sv ± 1.7 Sv (mean ± standard error, hereafter SEM; see Table 1) Breaking out the relative and reference terms once again into the contributions from the western and eastern density and pressure (Table 1) , it becomes evident that in years when the relative term is small compared to the reference term, it is because the eastern and western density terms are of opposite sign and nearly cancel (e.g., 2010, 2015, and 2016) . In the years when the relative term dominates over the reference term (e.g., 2009 and 2014), the eastern density contribution is~50% larger than the western density contribution, but both are large enough to be important and they are of the same sign. This is despite the fact that the western boundary travel time variability greatly exceeds that of the eastern boundary at time scales beyond annual ( Figure 1d ). Thus, for interannual variability, it is often the density variations on the eastern boundary that are most crucial for the MOC, which contrasts the results at 26.5°N where the western boundary density variations tend to dominate at that time scale (e.g., . For the years when the reference contribution dominates, by contrast, the contributions of the western and eastern pressure variability are of the same sign but can differ in magnitude by a factor of 3-4 (2010) or be roughly equal (2015).
Conclusions
By contrast with 26.5°N, where the non-Ekman components of MOC variability appear to be primarily driven by western boundary changes at all time scales aside from seasonal (e.g., Chidichimo et al., 2010; , at 34.5°S, MOC variability appears to be more complicated. At 34.5°S, eastern boundary density variations are the most important at the interannual time scales during 2009-2017, but the western boundary density contributions are still significant, and barotropic changes dominate in some years. Baroclinic (density-driven) and barotropic (bottom pressure-driven) changes at both boundaries are clearly important at seasonal time scales. At time scales shorter than semiannual, variations at the western boundary meet or exceed those of the eastern boundary, although this may solely be a function of where the mooring locations are relative to the Brazil and Benguela Currents. Planned augmented observations on the continental shelves and upper slopes will aid in the future in evaluating the sensitivity of the estimated MOC by better capturing the nearshore transports and will improve the overall accuracy of these MOC estimates. The observations presented here demonstrate unequivocally that the dynamical control of the MOC flows at 34.5°S is more broadly spread across the basin than at 26.5°N. This is likely due to the South Atlantic basin's role as a "mixing pot" for exchange with the Indian and Pacific basins. These measurements also illustrate the essentiality of continuous daily observations to avoid aliasing of highly energetic short-period variations, and the strong need to independently observe both the baroclinic (density gradient driven) and barotropic components of the MOC flow at both boundaries. 2013 and 2017) . Final column shows the statistical standard error of the mean (SEM) for each contribution (average of the values from each of the five full years), based on calculated integral time scales of 9, 7, 15, and 10 days for the total, Ekman, relative, and reference components, respectively.
